T he human gut is populated by a dense community of microbes, the gut microbiota, that many-fold outnumbers our eukaryotic cell count and provides the host with an enormous complimentary microbial gene set, the gut microbiome (1) . Several metabolic disease states such as obesity and type 2 diabetes have been linked with alterations in the microbiota composition and function (2, 3) , and in animal models, it has been demonstrated that the microbiota actively contributes to a number of host metabolic pathways such as energy harvesting potential, regulation of gut hormone secretion, and nutrient storage (4 -6) .
Antibiotics cause marked alterations in the human gut microbiota with stereotypic declines and expansions in the abundance of certain taxa and incomplete recovery to the initial composition in some individuals (7) (8) (9) . In observational studies, exposure to antibiotics has been linked with development of obesity (10 -12) , and specific antibiotics have been associated with glucose homeostasis disturbances in patients with type 2 diabetes (13) . Recently, an observational study from the United Kingdom reported an increased risk of diabetes following exposure to any of five commonly prescribed antibiotics, also showing a clear dose-response effect. At the same time, patients with type 2 diabetes had increased incidence of infections, raising the possibility of confounding by indication.
We conducted a nationwide case-control study to investigate whether use of antibiotics influences the risk of developing type 2 diabetes and, if so, if the effect can be attributed to individual types of antibiotics, individual groups of antibiotics, or the number of antibiotics courses.
Materials and Methods
The analysis was conducted as a nationwide case-control study of incident cases of type 2 diabetes in Denmark (population 5.6 million) between January 1, 2000, and December 31, 2012. Virtually all medical care in Denmark is provided by public health authorities, whereby the Danish health registries allow true population-based studies, covering all inhabitants of Denmark.
Data sources. We used data from three sources: the Danish National Registry of Patients, the Danish National Prescription Registry, and the Danish Person Registry.
The Danish National Registry of Patients (14) contains data on all secondary care contacts in Denmark since 1977. From 1995, outpatient diagnoses have been included systematically. Discharge diagnoses are coded according to International Classification of Diseases, eighth revision (ICD-8), from 1977 to 1993 and ICD-10 since 1994.
The Danish National Prescription Registry (15) contains data on all prescription drugs redeemed by Danish citizens since 1995. Prescription data include the Central Person Registry number, date of dispensing, the substance, brand name, and quantity. The dosing instruction and the indication for prescribing are not recorded. Drugs are categorized according to the Anatomical Therapeutic Chemical (ATC) code, a hierarchical classification system developed by the World Health Organization for purposes of drug use statistics (16) . The quantity for each prescription is expressed by the defined daily dose (DDD) measure, also developed by the World Health Organization (16) .
The Danish Person Registry (17) contains data on vital status (date of death) and migrations in and out of Denmark, which allowed us to extract controls and to keep track of all subjects.
All data sources were linked by use of the Central Person Registry number, a unique identifier assigned to all Danish citizens since 1968 that encodes gender and date of birth (14) . All linkage occurred within Statistics Denmark, a governmental institution that collects and maintains electronic records for a broad spectrum of statistical and scientific purposes. Further information on the Danish registries can be found elsewhere (18) .
Cases. Because many type 2 diabetes patients are handled in the primary care system and only hospital diagnoses of type 2 diabetes are available for research purposes, we could not identify cases based solely on diagnoses. In particular, the timing of type 2 diabetes onset would be artificially delayed. Instead, cases were defined by a first-ever prescription of a noninsulin glucose-lowering agent (ATC A10B), using the date of the filling as the index date. To ensure consistency in the timing of the diabetes diagnosis and treatment of cases, we excluded cases that, before the index date, had a diabetes diagnosis (ICD-10 codes E10, E11, E12, E13, E14, and H360). We further excluded patients who were not inhabitants in Denmark at the index date or who immigrated to Denmark less than 5 years before their index date. Last, we excluded cases with chronic pancreatitis (ICD10 DK86*), pancreatic cancer (ICD10 DC25*), or polycystic ovary syndrome (ICD10 DE282).
With this inclusion strategy, we included most patients diagnosed with type 2 diabetes in Denmark in the study period, although we excluded patients on insulin monotherapy (assumed to account for less than 5% of Danish patients with type 2 diabetes (19) ).
Controls.
Controls were extracted by use of a risk-set sampling strategy. For each case, we selected eight controls randomly among all Danish citizens, matching by gender and birth year, and assigning an index date identical to the corresponding case. Subsequently, we excluded those controls that fulfilled any of the exclusion criteria described under cases including type 2 diabetes diagnosis before their index date. We allowed subjects to be elected as controls before they became cases and that subjects could be elected as controls more than once. Thereby, the generated odds ratio (OR) is an unbiased estimate of the incidence rate ratio that would have emerged from a cohort study based on the same source population (20) .
Exposure definition.
We obtained information on use of all systemic antibiotics (ATC, J01*, or P01AB01) for the cohort between January 1, 1995, and July 1, 2012. Antibiotics were classified into narrow-spectrum or broad-spectrum and bactericidal or bacteriostatic as described in the Supplemental Material.
Antibiotic prescriptions that were redeemed within 6 months before the index date where disregarded in the analysis to avoid reverse causation bias; a prediabetic condition could be exacerbated during infectious disease, early diabetes might cause infections before it was diagnosed, or first symptoms of undiagnosed type 2 diabetes could lead to antibiotic treatment for example by being misinterpreted as an infection.
Exposure was quantified according to number of antibiotic courses before the index date, three different categories were defined; 0 -1 antibiotic courses (reference), 2-4 antibiotic courses or Ն5 antibiotic courses. Filling a prescription on the same antibiotic within 20 days of the first use was considered as belonging to the same course.
Data analysis.
The analysis conformed to a conventional matched case-control study. The crude and adjusted ORs for developing type 2 diabetes associated with antibiotic exposure were estimated using conditional logistic regression, controlling for potential confounders.
Our primary aim was to test if there was an increased OR of type 2 diabetes with increasing levels of antibiotic exposure, with and without adjustment for potential confounders. For all antibiotics, we calculated the exposure odds for a cumulative exposure of 2-4 versus 0 -1 prescriptions and for Ն5 vs 0 -1 prescriptions. As an explorative analysis, we also calculated the exposure odds for 2-4, 5-8, 9 -15, 16 -24 and Ն25 prescrip-tions in order not to overlook a potential dose-response effect outside of common exposure levels. These analyses were conducted for narrow-spectrum and broad-spectrum antibiotics, and bactericidal and for bacteriostatic antibiotics separately (classification listed in the Supplemental Material).
Variables included in our regression model as potential confounders were disposable income (categorized in four groups as described in Table 1 ), Charlson index of comorbidity (none ϭ 0 points, low ϭ 1 point, or high Ն2 points) (21) , and exposure to certain drug classes known to influence the risk of type 2 diabetes. Exposure to a given drug class included as a confounder was defined as having filled prescriptions for more than 500 DDD (except 30 DDD of glucocorticoids) before the index date. The following drug classes were included: thiazide diuretics, glucocorticoids, oral contraceptives, statins, calcineurin inhibitors, and antipsychotics. As for exposure to antibiotics, only diagnoses or prescriptions occurring earlier than 6 months before the index date were included. Age and gender were not included in the regression because they were handled by the matching procedure.
As sensitivity analyses we 1) considered only cases who redeemed two or more prescriptions of noninsulin antidiabetics (ATC codes A10B*), 2) considered only cases that received a type 2 diabetes diagnosis (ICD10 DE11) in the Danish National Registry of Patients following redemption of one or more prescriptions of noninsulin antidiabetics, 3) considered only antibiotic prescriptions occurring within the past 5 years of the index date (to detect an effect of variation in the available observation time), and 4) disregarded all antibiotic prescriptions occurring within the first 0 -24 months (in 1-month intervals) from the index date.
Approval. The study was approved by the scientific board of Statistics Denmark. Approval from an ethics committee is not required according to Danish law (22) .
Results
Between January 1 and December 31, 2012, we identified 231 745 incident users of glucose-lowering agents. Following exclusions, we had 170 504 cases that were matched to 1 364 008 control persons without diabetes (52.3% males, median age 62 years, interquartile range 51-71) Supplemental Figure 1) .
Patients with type 2 diabetes generally had slightly lower income, higher exposure to diabetogenic drugs, and higher Charlson index than the age-and gender-matched controls from the background population (Table 1) .
Patients with type 2 diabetes redeemed on average 0.8 prescriptions on antibiotics per year compared to 0.5 prescriptions per year among controls. Only 15 809 (9%) of cases and 180 653 (13%) of controls did not redeem any antibiotics before their index date.
Comparing having filled 2-4 prescriptions for antibiotics of any type to having filled 0 -1 prescriptions for antibiotics, we found an adjusted OR of 1.21 (95% confidence interval [CI] 1.19 -1.23) for type 2 diabetes, whereas redemption of prescriptions was associated with an OR of 1.53 (95% CI 1.50 -1.55) for type 2 diabetes. Slightly higher ORs were found for narrow-spectrum and bactericidal antibiotics compared with broad-spectrum and bacteriostatic antibiotics, respectively ( Table 2) .
The most commonly redeemed antibiotics were ␤-lactamase sensitive penicillins followed by macrolides (ATC J01FA) and penicillins with extended spectrum (data not shown).
We found increased ORs for all groups of antibiotics except for clindamycin. Glycopeptides were very infrequently prescribed in primary care and therefore an OR could not be calculated for this drug (Table 3) .
There was a dose-response relation between exposure to antibiotics and type 2 diabetes for all types of antibiotics, although the dose-response relationship was slightly stronger for narrow-spectrum and bactericidal antibiotics compared to broad-spectrum and bacteriostatic types, respectively. The OR for type 2 diabetes increased almost linearly with the exposure to antibiotics, also outside the common exposure window as shown in Figure 1 .
The observed associations between antibiotic exposure and type 2 diabetes risk were identical when stratifying by age, gender, and observation periods (data not shown). Also, when considering only antibiotic exposure occurring within the past 5 years prior to the index date, the associations were unchanged (Supplemental Tables 1-3 ). The observed associations were confirmed in sensitivity analyses using more strict criteria to define cases (ie, those receiving a hospital diagnosis of type 2 diabetes or those filling two or more prescriptions for antidiabetics) (supplemental tables).
In post hoc analyses, we found a steep increase in OR for type 2 diabetes with increasing exposure to narrowspectrum antibiotics when the exposure to broad-spectrum antibiotics was held fixed. In contrast, there was a relatively unchanged OR for type 2 diabetes with increasing exposure to broad-spectrum antibiotics when exposure to narrow-spectrum antibiotics was fixed ( Table 4) .
The increased exposure to antibiotics was observed both 5 years before and 5 years after the type 2 diabetes index date for cases, with a small but consistent increase in relative exposure rate (between cases and controls) in the year immediately before and after the index date (Supplemental Figure 2) .
In further analyses, we found that the increased exposure to antibiotics among cases was observed up to 15 years before the type 2 diabetes index date with a relative exposure rate (cases versus controls) that slowly but consistently increased from 1.20 15 years before the index date to 1.35 in the year prior to the index date ( Figure 2) . A similar pattern was seen when considering broad-spectrum, narrow-spectrum, bactericidal, and bacteriostatic antibiotics separately (data not shown).
Discussion
In this nationwide register-based study, we find an increased OR for risk of type 2 diabetes with increasing exposure to antibiotics. A slightly stronger association was seen with bactericidal and narrow-spectrum antibiotics compared to bacteriostatic and broad-spectrum groups, although the OR for type 2 diabetes risk with individual types of antibiotics was generally found to be homogenous. Importantly, the increased use of antibiotics among patients with type 2 diabetes was found after the Abbreviations: c, crude; OR1, the OR for type 2 diabetes with redemption of two to four antibiotic prescriptions compared with zero to one redemptions; OR2, the odds for type 2 diabetes with redemption of five or more compared with zero to one antibiotic prescriptions.
time of type 2 diabetes onset as well as for the 15 years leading up to this. As for any observational study, the impact of bias and confounding must be considered carefully. We used the Danish Person Registry Number as a unique linkage to combine data from the Danish National Prescription Registry, the Danish National Registry of Patients, and the Danish Person Registry. This allowed us to identify all Danish citizens who started treatment with a noninsulin glucose-lowering agent during 2000 -2012 and compare the antibiotic exposure pattern in this population with an age-and gender-matched control population free of diabetes for a period of up to 17 years before type 2 diabetes index date. The combined data from the registers allowed adjustment for differences in income, Charlson index of comorbidity, and exposure to diabetogenic drugs in both the case and the control group. However, we did not have access to data on anthropometric measures such as body mass index, blood sample results, or assessments of the gut microbiota composition in these individuals that could provide hints toward the mechanisms underlying our observations. Moreover, we were unable to study the influence of antibiotic prescriptions occurring in the early life of our population (median age 62 years) because the Danish National Prescription Registry did not provide data on drugs prescriptions before 1995.
An inherent difficulty in observational studies of type 2 diabetes lies in the definition of type 2 diabetes onset. It has been estimated that at least 40% of patients with type 2 diabetes in Denmark are undiagnosed (23) , and before diagnosis, patients may have had impaired glucose tolerance, prediabetes, or as-yet undiagnosed type 2 diabetes for several years (24) . In a recent register study from Denmark, around 26% of Danish patients with type 2 diabetes did not receive glucose-lowering agents in the first year following diagnosis (19) . These patients were only included in our study if they later and within the study period redeemed a prescription on a noninsulin glucose-lowering agent. As a consequence, the index date for this subgroup could be falsely delayed in comparison to the time of diagnosis.
Related to the issue of index time definition and the possible delay in the time to diagnosis of type 2 diabetes is the risk of confounding by indication. As discussed later, it is commonly accepted that type 2 diabetes is a risk factor Recently, an observational study was published based on United Kingdom primary care patients. This study used a general practitioner-based database to study the antibiotic exposure in patients diagnosed with diabetes (n ϭ 208 002) and matched controls (n ϭ 815 576) free of diabetes between 1995 and 2013 with a median follow-up duration of 5.5 years (26) . In this study, there was also an homogenously increased OR for diabetes (combined type 1 diabetes and type 2 diabetes in main analysis) risk with increasing exposure to any one of five commonly prescribed antibiotics: penicillins, cephalosporins, macrolides, quinolones, and tetracycline/sulfamethiazole (the latter two were analyzed as one group). The ORs for diabetes risk were similar to the ones observed in our study, although the OR with penicillin was lower than in our study: OR 1.23 (95% CI 1.05-1.11) with Ͼ 5 versus 0 prescriptions for penicillins.
Because different groups of bacteria may have either a positive or negative impact on host energy homeostasis and glucose metabolism, our primary aim of this study was to test the possibility that different antibiotic groups targeting specific gut bacteria classes could induce different effects on the risk for development of type 2 diabetes. Supporting this hypothesis, a previous interventional study found decreased insulin sensitivity following 1 week of treatment with vancomycin, but not ampicillin, in a group of obese males with the metabolic syndrome (27) . In addition, increases in body weight were reported following exposure to vancomycin, but not following exposure to other antibiotics in an observational study. Unfortunately, because of very few redemptions on glycopeptides in our population, we were unable to assess the risk of type 2 diabetes associated with vancomycin exposure. However, the uniformly increased ORs for type 2 diabetes between groups of antibiotics in our study do not support the idea of one or a few antibiotics with particularly strong metabolic side effects.
There are two competing interpretations of our findings: 1) patients with type 2 diabetes are more prone to develop infections many years before they become diagnosed with type 2 diabetes and therefore have increased demand for antibiotics and 2) antibiotics increase the risk of type 2 diabetes.
In support for the first interpretation, we found an essentially unchanged exposure rate in cases versus controls before and after the type 2 diabetes index date. Boursi et al found higher incidence of urinary tract infections, skin infections, and respiratory tract infections in cases with type 2 diabetes compared with controls (26) , and higher risk of infections has previously been reported in patients with uncontrolled diabetes compared with controls free of diabetes (28) . Moreover, obesity, which often precedes development of type 2 diabetes, is suggested to increase risk of infection (25) . Etiologically, complications of type 2 diabetes such as sensory peripheral neuropathy, vascular insufficiency, and autonomic neuropathy can all increase susceptibility to infection (29, 30) , and hyperglycemia has been suggested to impair immune function (31) . Because some of our patients may have had undiagnosed diabetes or hyperglycemia for an uncertain period before the index date and because the prevalence of obesity within the case group could be increased, we would expect a slightly increased demand for antibiotics treatment in the case group also prior to the index date.
In support of the second interpretation, there is now mounting evidence from rodent models suggesting that antibiotics may drive changes in insulin sensitivity, glucose tolerance, lipid deposition, and energy harvesting potential by altering the gut microbiota composition (32) (33) (34) (35) (36) (37) (38) . In most of these studies, antibiotics have been shown to confer increased adiposity or weight gain independently of the type of antibiotics used (32, 36, 37) , although antibiotic eradication or suppression of gut microbiota has also been shown to protect against diet-induced obesity or metabolic endotoxemia when the rodents where fed a high-fat diet (33, 34, 38) . In line with a general growth promoting effect of antibiotics, they (several types) have been used in agriculture to achieve weight gain in livestock for decades (39) and exposure to antibiotics has been linked with development of obesity and increased body mass index in several observational studies (10 -12) . Finally, antibiotics could exert effects on glucose homeostasis or risk of type 2 diabetes independently of the gut microbiota (13) . To our knowledge, however, no such mechanism has been documented in human intervention studies and the metabolic effects of antibiotics are abolished if animals are raised under sterile conditions (40) .
Patients with type 2 diabetes, compared to control subjects free of type 2 diabetes, are overexposed to antibiotics before their diagnosis with type 2 diabetes as defined by the first redemption of a prescription on an oral glucose-lowering agent. This may represent an increased demand for antibiotics from an increased risk of infections in patients with yet-undiagnosed diabetes, prediabetes, or manifest type 2 diabetes. However, the possibility that antibiotics exposure increases diabetes risk cannot be excluded and deserves further investigation in interventional studies. Thus, our results call for new investigations of the longterm effect of antibiotics on lipid and glucose metabolism and body weight gain. In particular, we suggest investigation of commonly used narrow-spectrum penicillins because these drugs are frequently prescribed and showed the highest OR for type 2 diabetes risk.
